The advancement of the photovoltaic technology is closely linked to the standard evaluation of the product, the diagnosis of problems, the validation of materials and cell properties, and the engineering and documentation of the ensemble of device properties from internal interfaces through power outputs. The focus of this paper is on some of the more common, visible, and important techniques dealing with physical-chemical through electro-optical parameters, which are linked intimately to the performance quality of materials and devices. Two areas, defined by their spatial-resolution qualities, are emphasized: macroscale and microscale measurement technologies. The importance, strengths, and limitations of these techniques are stressed, especially their significance to photovoltaics. Included are several techniques that have been developed specifically to address problems and requirements for photovoltaics. The regime of measurement literally covers arrays through atoms.
I. INTRODUCTION
Characterization has been essential to the advancement and realization of photovoltaics. We sometimes compartmentalize ourselves into special technical interests and can mistakenly associate a particular materials system, a particular discipline, or a particular approach as the whole of photovoltaics. The technology owes its scientific development to an ensemble of creative contributions from its parts-covering thought, planning, realization, evaluation, and verification. Theory, materials science, processing, device development, modeling, testing, and measurement are codependent. None of these areas can stand alone; together, they provide for the successes and future of the technology. This paper highlights the evaluation and verification aspects of photovoltaics, with the objective of surveying the breadth of the characterization techniques. This examination includes some historical perspectives, an overview of the present, and a look to the future. This treatment focuses on the cell ("the basic photovoltaic device which generates electricity when exposed to sunlight" 1 ) and module ["the smallest complete, environmentally protected assembly of PV cells [flat platetype], or receiver(s) and optics (concentrator-type), and related components, such as interconnects and mounting, that accepts unconcentrated sunlight" 2 ]. These terms are clarified in Fig. 1 , which represents the hierarchy of photovoltaic components. [1] [2] [3] [4] [5] [6] [7] [8] A compilation of characterization techniques that routinely support photovoltaic materials, device, and component evaluations are included in Table I . All aspects and the entirety of measurements of even this selected set cannot be adequately addressed because of the nature of this paper, which serves only as a gateway to the operations and need of these methods in the PV technology. We direct the reader to the references for more complete discussions of the physics and applications of these and related methods. [9] [10] [11] [12] [13] Our focus will be on some of the more common and visible techniques dealing with physical-chemical through electro-optical parameters which are linked intimately to the performance quality of materials and devices. The discussion is focused in two areas defined by their spatial-resolution qualities: macroscale and microscale measurement technologies. The importance, strengths, and limitations of these techniques are stressed, especially their significance to photovoltaics. Included are several techniques that have been developed specifi- cally to address problems and requirements for photovoltaics. The regime of measurement literally covers arrays through atoms.
II. MACROSCALE MEASUREMENTS: ELECTRO-OPTICAL TECHNIQUES
The measurements in this sector, defined roughly from the array/module through the cell level ( Fig. 1) , are perhaps the most familiar to the photovoltaic researcher and developer. 14, 15 These measurements constitute primarily those in the electro-optical area and concentrate on the determination of physical and fundamental properties of photovoltaic materials and devices. The emphasis of the macroscale measurements relates to modules and cells-the visible reference points for the viability of this technology. The performance evaluation techniques (efficiency, spectral response, quantum efficiency) will not be covered in this paper, but the reader is referred to Refs. 16-23 for detailed treatments of this important area of device characterization.
There are a large number of electrical and optical measurements spanning the range of centimeter through micrometer. These measurements include determinations of the carrier transport of materials (e.g., Hall and van der Pauw effects); optical properties (spectrophotometry and ellipsometry); and chemical, vibrational, and defectstate determinations (Fourier transform infrared spectroscopy, Raman spectroscopy, photoluminescence). [24] [25] [26] [27] [28] [29] [30] [31] [32] These represent important and foundational support characterization techniques for thin-film and crystalline solarcell technologies. This section will consider some of the more-specialized techniques in this category, focusing on those specific to minority-carrier property determinations. The techniques are represented in some technical detail because they are important in providing evaluations of the most fundamental benchmark indicators of semiconductor material quality for cell development.
In general, these techniques use photon beams to evaluate the interface recombination velocity, diffusion lengths, and lifetimes of minority carriers at defects, inhomogeneities, and junctions. [32] [33] [34] [35] The focused beam provides a localized source of excess carriers in the semiconductor and excites optical transitions. If the photovoltaic semiconductor contains an internal field (e.g., due to a p-n junction or the space-charge layer of a grain boundary), the injected electrons and holes will be driven in opposite directions and will produce a current in an external circuit. This signal carries considerable information on the electrical properties of the material and can be used to determine the minoritycarrier properties. By scanning over the sample while monitoring the induced current, an image of the sample's minority-carrier characteristics can be obtained. First, optical (or light)-beam-induced current (OBIC or LBIC), in which the excitation source is a photon beam, is examined. This analysis can be accomplished in almost any environment, including air, and it forms the basis for evaluation of small-area cells and larger-area modules. Second, several minority-carrier lifetime spectroscopy techniques are presented, some of which have been developed specifically for evaluating photovoltaic technologies. These techniques determine the most fundamental indicator of materials for solar-cell application-the lifetime of minority carriers. Finally, transient spectroscopy methods for identifying defect levels are discussed.
A. Optical-beam-induced current (OBIC)
This technique is termed OBIC, as well as lightbeam-induced current (LBIC). 36, 37 The images are formed using a focused light to generate electron-hole pairs. The positive features are that this is nondestructive, can evaluate relatively large (or small) areas, can provide spectroscopic (wavelength-tunable) data, and can be operated in almost any environment. The limitations are that the spatial resolution is limited by the wavelength of the light, and the interpretations are sometimes more complex.
Carrier generation
The carrier generation is rather different from that involving an incident electron beam. Visible photon energies are on the order of a few eV, a factor of 10 3 to 10 4 less than the usual electron energies used in electron-beam techniques. Thus, a photon generates a single electron-hole pair, whereas an electron generates thousands of such potential carriers.
For photons, it is not possible to define a maximum penetration depth in the semiconductor, because the light absorption follows an exponential law. Accordingly, the generation rate can be written 38 as
where F 0 is the number of photons incident per cm 2 -s, and a is the light-absorption coefficient. Typical values for Si, GaAs, and CuInSe 2 are listed in Table II .
Charge collection and minority-carrier properties
The OBIC current as a function of distance from the depletion region is given by
which gives a first-order, one-dimensional evaluation of the diffusion length of the minority carriers, L, and assumes that the surface recombination velocity is insignificant. More exact evaluations require more complex analytical treatment. The evaluation of OBIC provides information on the minority-carrier parameters (diffusion length and recombination velocity). However, because of the spatial-resolution limitations, many collection events are integrated into the detected signal. The results can be complex and particularly prone to misinterpretation. 39 Laser scanners are employed in photovoltaic research and manufacturing laboratories to provide nondestructive and rapid analysis of cells and modules. [40] [41] [42] In the case of modules, the technique can provide an in-line evaluation of the relative contribution of individual cells in strings, or spatial distributions or nonuniformity of cell activity within single cells. Such data are presented in Figs. 2(a) and 2(b), which shows an experimental apparatus, and an OBIC scan of an entire polycrystalline Si module. The spatial-resolution effectiveness of the technique is illustrated in Fig. 2(c Several characterization techniques have evolved to determine the most fundamental parameter for certifying device-quality material for many electronic devices-the lifetime of the minority electrons and holes. The intricacy of these techniques has increased with the complexity of the structures under investigation. In all methods, a very good theoretical model is needed for interpreting the results. Several of these techniques are presented here, and the reader is referred to a number of references that deal with this important and evolving measurement field.
42-47
Photoconductive decay
Initial investigations of techniques for determining the lifetimes of minority carriers were primarily concerned with photoconductive decay (PCD). For single-crystal wafers and amorphous Si : H films, this method is still a primary characterization tool. 48, 49 Figure 3 presents a schematic representation of the PCD technique. A constant current is passed through the semiconductor, and the voltage drop is measured (e.g., with an oscilloscope). Excess minority carriers are produced from a short photon pulse, with energy or wavelength set to produce adequate penetration of the light. (The current at the surface is negligible if the carriers are produced deep within the semiconductor.) The photon source can be a semiconductor light-emitting diode (LED), a tunable laser, or a broadband source (such as a flash or discharge tube). In the last case, undesired short-wavelength radiation is removed by the use of filters. The transient voltage across the sample is proportional to the density of excess minority carriers. In general, the conductivity resulting from the photon excitation can be expressed (under conditions of low injection) as
The voltage measured is From Eq. (4), the magnitude of the voltage can be predicted to increase with the magnitude of the lifetime, assuming no significant surface effect.
Microwave absorption
This is a relatively well-developed technique that is available commercially. Excess carriers are generated with a solid-state laser (e.g., tuned to about 880 nm for Si samples). [50] [51] [52] Simultaneous to this photon excitation, the sample is irradiated with microwaves. As the sample conductivity increases, the microwave reflection increases. The reflected microwave power is detected, and the corresponding lifetime is evaluated. This method is contactless, and it can be used in a PV manufacturing line. It has limitations for thin-film samples, in which the surface recombination can be significant because of the large surface-to-volume ratio in the films.
Photoluminescence decay
This routine technique has special applications to thin films and compound semiconductors. The methods are based on careful analyses of the recombination mechanisms in semiconductors. [53] [54] [55] [56] [57] A photoluminescence (PL) signal is excited with a pulsed, tunable laser. The pulse durations and separations are short (usually in the picosecond to femtosecond range) and are adjusted for the semiconductor system being investigated. PL decay spectroscopy has several advantage over other techniques for determining of the minoritycarrier parameters, especially for semiconductors having large radiative probabilities (such as III-V or II-VI materials). The radiative output is strong in this case. If there is severe trapping in the semiconductor, the interpretation by techniques such as PCD is difficult. PL decay allows better paths for the separation of the recombination processes. Finally, shorter minority-carrier lifetimes (i.e., nanoseconds versus microseconds) require less-expensive, less-complex instrumentation having narrower bandwidths.
The PL photon generated within the semiconductor is collected with a lens and focused onto the input (slit) of a spectrometer, as shown in Fig. 4 . The spectrometer is tuned to a wavelength corresponding to the band gap of the semiconductor and eliminates spurious photons arising from other sources. The detector must be fast and sensitive. A photomultiplier tube (PMT) satisfies most requirements for band gaps above that for Si. Other III-V and Ge detectors are used for lower-band-gap semiconductors. A PL photon produces a photoelectron at the cathode of the PMT which multiplies the signal. To determine the minority-carrier lifetime, the PL photon must be correlated in time relative to the incident laser pulse.
Time-correlation single-photon counting is extremely powerful in determining the lifetime. 58, 59 Using a beam splitter and photodiode, a portion of the laser pulse is sampled to initiate a start trigger into the delayed coincidence electronics. The start trigger enables a timeto-amplitude converter (TAC). When a photon-initiated signal is passed by the amplitude discriminator, it produces a stop trigger at the TAC. The TAC ramp signal is detected by a multichannel pulse-height analyzer, which collects one count per detected photon. This signal is stored in a channel appropriate to the time delay, and thus, one count is recorded for every laser pulse. A profile of the PL decay evolves in terms of counts as a function of time. Some typical characteristics are shown in Figs. 5 and 6, for GaAs and CdTe, respectively. 60 
Radio-frequency photoconductive decay
This is a recent, contactless method for determining minority-carrier properties. 58, 59 Both radio-frequency photoconductive decay (RFPCD) and ultrahighfrequency photoconductive decay (UHFPCD) can be used for indirect-band-gap semiconductors (i.e., they do not require photoluminescence) and are not limited by conductivity (and skin depth), as is the case for microwave techniques.
This technique measures the transient photoconductivity using various pulsed excitation sources to generate excess carriers. The decay of the transient photoconductivity is analyzed in terms of minority-carrier or recombination lifetime. Figure 7 shows a schematic of the experimental configuration. The light pulse produces a bridge unbalance because of the photoconductivity of the sample. The RF output signal from the splitter is amplified and connected to a mixer or demodulator. The second input of the mixer is connected to the same oscillator as the sensing coil. A phase shifter is required to adjust the phase of the input signal and a reference signal coming directly from the oscillator. The doubled-frequency and dc components are generated by the mixing circuit when an unbalance signal is present. The dc signal is selected as the signal and is processed accordingly. The mixer output is passed through a lowpass filter and amplified. The dc signal coming from this system is proportional to the sample photoconductivity and is set to the digital-processing oscilloscope for storage and analysis. This system has been used to determine lifetimes in Si, Ge, GaAs, and InGaAs. Si wafers with resistivity ranges from 0.01 to more than 100 W-cm have been measured. The system risetime is about 10 ns, and lifetimes have been measured to near this system response.
Several light sources can be used [e.g., yttrium aluminum garnet laser (3.0-ns pulse, 1.064 mm for Si)].
Uniform volume generation of electron-hole pairs occurs in the illuminated volume of the sample. For surface excitation and shorter pulses, a mode-locked, cavitydumped dye laser (15-ps full-width at half-maximum) is preferred. For high-resistivity samples (e.g., CdTe), a red-light-emitting diode can be used as the excitation source. One additional advantage of these approaches is that Si can be immersed in HF solutions and inductively coupled to the measurement system for surface-state passivation. 61 An example of the application of this technique is presented in Fig. 8 for a Si film grown on a low-cost Si substrate. The UHFPCD data are shown at very low and very high injection levels. At lowest injection levels ͑A͒, the lifetime is about 1.3 ms, but it increases rapidly with laser energy. At highest injection levels (about 1000 mJ͞cm 2 ), the lifetime increases to more than 170 ms. These data clearly illustrate the saturation of defects and may be related to either bulk or surface states.
C. Transient spectroscopies
Deep-level transient spectroscopy (DLTS) uses a transient junction capacitance measurement to detect the concentration and energy levels of deep impurity states. 124 It has had wide application to thin films, but the interpretation can be complicated because of the large concentrations of defects, especially in polycrystalline and compound semiconductors. 59, 62, 63 The experimental technique involves monitoring the capacitance of a junction device after the space-charge layer has been filled with either majority-or minority-carrier charge. The trapped charge modifies the capacitance of the junction.
One approach is to use a fast capacitance bridge to monitor the charge in the junction as the trapped charge is emitted to either band.
The measurement of a capacitance transient is illustrated by the schematic diagram of Fig. 9 . 59 The capacitance transient is monitored with a capacitance bridge, modified for high-speed response. The output of the bridge is amplified by a wide-bandwidth preamplifier, and the transient is processed by a programmable digitizer. A charge-coupled device (CCD) input stage allows the measurement of the prepulse capacitance for a benchmark determination. To obtain reliable data, the transient is averaged for several hundred repetitions at a given temperature.
The approach is to monitor the transient capacitance data as a function of temperature, which provides a family of curves, as represented in Fig. 9 . At each temperature, the emission rate can be calculated from e n v th s n N c exp͑2DE͞kT͒ .
The Arrhenius dependence of In͑e n ͒ has a slope that represents the electronic or trap level [i.e., the activation energy DE in Eq. (5)]. Such data are shown in Fig. 10 for p-CuInSe 2 . 60 The capacitance decay curves are shown for T 150, 174, and 210 K. A level at 0.52 eV is calculated from the slope of the characteristic in Fig. 10 . However, this interpretation is very risky. The film is very defective, and the data can also be used to identify many levels, rather than a single level. This level is interpreted as an average of several levels (a continuum, rather than a distinct transition). DLTS is best applied to single crystals and low-defectdensity thin films; otherwise, the interpretation may be misleading. 59, 62, 63 DLTS can be used effectively for monitoring the quality of photovoltaic polycrystalline films (qualitative representation) as part of a quality-control effort. Because deep-electronic levels within the band gap are the major limitations for efficiency optimization in photovoltaic devices, reliable methods, such as DLTS, are valuable for monitoring and ensuring semiconductor quality. 62, 63 
III. MICROSCALE MEASUREMENTS
The hierarchy of common photovoltaic components is complemented by the subhierarchy interior to the cell itself (Fig. 11) . Chemistry, composition, structure, and defects are responsible for the material properties and device characteristics. The control of these properties on the microscale and below lead to the control and optimization of the macroscale device characteristics. The microscale measurements are the workhorses and foundations for the photovoltaics technologies. Emerging and established technologies have critical analytical requirements for the diagnostic investigation of components, especially at the materials level. The measurement needs span the optical, mechanical, electrical, and chemical fields. Their application ranges from "failure analysis" to "preventive analysis," to guide short-term paths to technology demonstration. The range of such analytical tools is expansive, and only a few can be cited and treated in the following sections.
A. Microcharacterization
Electron microscopy and related techniques provide important information on the structural, electrical, chemical, and physical characteristics of materials and materials interfaces. These methods owe their high spatial resolution to the use of high-energy, focused electron beams as excitation sources. A variety of microanalytical techniques are used for PV material and device evaluation and are summarized in Table III . Several of these will provide illustrations of their application to photovoltaics. 
Transmission electron microscopy
Transmission electron microscopy (TEM) is the primary investigative tool for the investigation of the structural properties of crystals, thin films, and interfaces. 61 Combined with ancillary techniques described below, TEM can provide high-spatial-resolution information on chemistry, composition, and electrical properties, as well. Its sister technique-scanning TEM or STEMproduces images of the internal microstructure of thin samples using a scanned high-energy electron beam. STEM is used to describe the group of analysis methods collectively assigned as "analytical electron microscopies."
61,64-67 STEM's well-established strength is the ability to obtain high-resolution imaging combined with microanalysis from almost all solid materials. [68] [69] [70] [71] [72] [73] [74] The spatial resolution is gained by the ability to focus the charged electron beam. For example, 100-keV electrons correspond to wavelengths of 3.7 3 10 23 nm. In general, the higher the operating energy of the TEM, the greater the lateral spatial resolution. Most commercial instruments operate between 300 keV and 400 keV, with resolutions exceeding 0.2 nm. In general, TEM offers two mechanisms for observing the sample: diffraction and image. In the diffraction mode, the image of the diffracted electrons is obtained from the electronilluminated sample. The electron diffraction patterns correspond to x-ray diffraction analogues, and they provide information on crystallinity and crystal orientation. Spot patterns correspond to single crystals, ring patterns correspond to polycrystalline samples, and diffuse ring patterns correspond to amorphous structures. The image mode produces a representation of the entire sample depth, as well as, contrast results from several mechanisms. These contrast results include diffraction contrast (scattering of the electrons by structural inhomogeneities), mass contrast (due to the spatial separations and orientations of constituent atoms), thickness contrast (due to nonuniformities in film thickness), and phase contrast (due to coherent elastic scattering). Each of these modes provides specific information about a selected sample area.
The most important, and perhaps most complex, aspect of TEM involves sample preparation. Imaging may take minutes, but sample preparation can take hours or days. Thinning can be accomplished by ion milling, electropolishing, ball cratering, and polishing. Cross sections (especially powerful for interface or junction observations) are made from layered samples; an example is shown in Fig. 12 . These sections are prepared to be viewed along the plane of the layers, and this sample preparation procedure is among the most difficult. The problem is to ensure that the defects and other structures observed in the TEM are not imposed by the samplepreparation technique itself. 
Scanning electron microscopy
This instrument is the traditional one for observing topography or topology on the microscale. SEM provides a high-magnification image of the surface of a material and can have resolutions approaching a few nm. 73 The instrument typically operates with electron beams in the 20-30 keV range, and magnifications from 103 to more than 400, 0003 are possible. [74] [75] [76] [77] [78] Although topographic information is the most common, the SEM can also provide information on the composition of the near-surface region. The principles of operation for the instruments have been treated in a number of sources. The SEM is an extremely powerful tool for imaging and forms a basic unit for the use of other techniques described in the following sections. Figure 13 presents SEM images associated with photovoltaic thin-film surfaces. Figures 13(a) and 13(b) compares the imaging from a thermal filament source with the recently developed field-emission electron sources. A high-resistance, MgF 2 ͞SnO 2 surface is shown for both sources, and the enhanced imaging for the field-emission instrument is apparent. The ability to distinguish smaller features (e.g., nanoscale grains) in materials previously limited by charging is illustrated in these images. Figure 13 also presents SEM cross-sectional images for two solar cell thin-film devices (CdS͞CdTe and CdS͞CuInSe 2 ).
The SEM electron beam can also be used as a probe to provide electrical information about the material or device properties. The common technique is analogous to OBIC and is termed electron-beam-induced current (EBIC) spectroscopy. In EBIC, the electron beam penetrates the depletion region (e.g., a thin Schottky junction) and generates electron-hole pairs in the semiconductor. These pairs are separated, collected by the built-in field, and produce a current that can be used (after amplification and processing) to modulate the intensity of an output device (monitor, printer). Because the sample and the display are scanned synchronously, the EBIC image gives a map of the current collected at each scanned point. At a defect, the collected current is generally lower, because the locally enhanced carrier recombination is higher. The quantitative interpretation of the inducedcurrent images of grain boundaries and other defects requires a model for the contrast mechanism involved. The basic processes are (i) the generation of carriers by the electron beam, and (ii) the transport and collection of beam-generated carriers, with the recombination of these carriers at defects or inhomogeneities. EBIC is a powerful technique for identifying regions for generation or loss of minority carriers. These regions can range from grain boundary defects (Fig. 14) to the location of junctions. This latter case is illustrated in Fig. 15 for CuInSe 2 , which clearly indicates the location of the electrically active junction buried below the CdS heterojunction window into the emitter region. The SEM can therefore be used to identify the relative positions of the metallurgical and electrical junctions. 
Energy-dispersive and wavelength-dispersive spectroscopies
Microanalytical volume-composition analysis techniques are readily available in the laboratory. The more common are energy-dispersive spectroscopy (EDS) and wavelength-dispersive spectroscopy (WDS). [82] [83] [84] [85] Both of these methods involve the generation of x-rays by high-energy electron probes. The analysis is usually performed in a scanning electron microscope or in a more-specialized, dedicated instrument called an electron-probe microanalyzer (EPMA). In general, these analysis techniques are able to detect elemental species to about the 0.1 at. % (about 1000 ppm) range. Because the input probe is a well-focused electron source, spatially resolved compositional data can be gained. Depth resolution is possible by varying the energy of the incoming electron beam, thus varying the penetration depth of the input probe. Depth information can also be obtained by combining the analysis with ion etching or ball cratering. Finally, because these methods involve a controlled electron beam, useful complementary information, such as topographical features using secondary electron detection or electrical information by EBIC/EBIV detection, can be obtained for a given film analysis.
When a sample is bombarded with an energetic electron beam, both radiative and nonradiative emission processes occur. The nonradiative mechanisms result in the generation of Auger electrons (considered in the surface-analysis discussions later in this paper). Vacancies are created in the electronic shells of atoms as a result of the input electrons. Electrons from outer shells fill the inner-shell vacancies to keep the atom in a lower energy state. If the energy differences between the transition electron and the vacancy shells are large enough (i.e., several thousand eV), characteristic radiation in the form of x-rays is emitted (Fig. 16) . The creation of these x-rays and their detection constitute the basis for both EDS and WDS.
Generation and detection:
The generated x-rays originate from subsurface volumes called the generation volumes. 86 These have shape and depth properties that are related to the energy of the incoming electron beam and the atomic number (mass) of the elements being analyzed. At low beam energies or for elements with high atomic numbers, the volume is approximately a hemisphere. As the electron beam energy increases, or the atomic number decreases, the volume becomes characteristically pear-shaped (Fig. 16) . Basically, the dimensions of the generation volume are orders of magnitude larger than the lateral dimensions of the incoming electron beam. Therefore, the elemental spatial resolution is more a function of the generation volume at lower beam sizes than of the geometrical feature of the electron probe itself. The depth resolution is of the order of a micron for common instrument resolution. For thinner films, the lateral resolution can be enhanced because the beam cannot "spread out" into the volume of the sample. Therefore, the researcher can use this (or thinning) advantageously to gain lateral resolution for such analyses. 87 The x-rays are measured per-unit-time escaping from the generation volume within the solid angle and at a given take-off angle. Thus, the detection is a function of the geometrical positioning, which is limited primarily by the design of the detector.
The methods for detecting the generated x-rays include either evaluating the energy of pulse height (the EDS mode), or determining the wavelength (the WDS mode). In general, WDS detectors have larger areas and are operated at longer distances from the x-ray source (the sample), and they inherently have lower collection efficiencies. The EDS system employs a solid-state diode and associated electronics to detect, amplify, and sort charge pulses generated by the x-rays. The WDS system separates the x-rays by wavelength before they reach the detector by diffraction through a crystal. The x-rays of desired wavelength are selected and directed to the detector by the accurate positioning of the crystal and detector with respect to the sample. Crystals with varying lattice spacing are selected to cover the desired x-ray spectrum. Typical EDS and WDS spectra are presented in Fig. 17 for CdTe polycrystalline thin films. 88 The superior sensitivity and higher peak resolution capabilities of the WDS method are apparent. Also, the contribution of the background to the WDS spectrum is less detrimental.
Properties and quantification: A strength of these techniques for the thin-film researcher is the ability to provide quantitative information, which is especially important for establishing deposition conditions for either optimizing materials or device properties. Several quantitative-analysis routines are available, and the more accurate ones use standards that are near or the same as the films being analyzed.
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B. Surface spectroscopies and spectrometries
Surface elemental compositions, segregated impurity species at interfaces, doping profiles and gradients, interfacial chemical reaction, and quantitative compositional information are critically important measurements in optimizing photovoltaic parameters and in the design, performance, and reliability of devices. These properties can be evaluated accurately and with desired sensitivity using one or more of a class of techniques categorized under the generic term "surface analysis." These characterization tools examine the topmost atomic layers using electron, photon, and ion input probes to excite and detect a variety of output or emitted species. These methods, the majority of which are summarized in Table IV , provide qualitative and quantitative information on the chemistry and composition of surface and interface regions in electronic materials.
Because of the surface sensitivity of these techniques, they have special and extensive applications to thin-film PV technologies. Thin films also offer some special challenges in analysis and interpretation because of the inherent roughness in polycrystalline deposited layers, overlap of elemental and chemical species in the obtained spectra, sensitivity limitations, potential damage or artifact creation from the input probe or associated analysis methods (e.g., sputtering), and elemental range limitations in detection. The techniques have been extensively refined during the past 20 years, and they offer the thin-film technologist rapid, accurate, sensitive, and useful analysis of the composition (and possible electronic features) of surface and interface regions-if proper control and understanding of the techniques are used. These techniques have been treated extensively in the literature, and a mini-bibliography of such texts, review articles, and special publications is provided at the end of this chapter.
90-107
Sputter-etching and ion bombardment
Common to several of the surface-analysis approaches is the use of an ion beam to obtain elemental or chemical information, either as part of the inherent analysis operation (SIMS, INS, ISS) or to provide depth-compositional profiles simultaneous to the analysis (AES, XPS, EDS, UPS). Ion etching is also routinely used to "clean" the sample surface of oxides or carbon layers that occur during handling outside a vacuum environment. Any ion bombardment is affected by several important factors. That can be categorized into instrument factors and ion-matrix factors, which influence depth resolution and the quality of depth-composition profiles. These processes, represented schematically in Fig. 18 , include crater geometry, roughening and nonuniform or preferential sputtering, edge/halo effects, knock-on effects, ion migration (especially for low- conductivity films), secondary-ion extraction optics, neutrals, and impurities in the ion beam. 108 These effects influence or control the shape of the resulting profile, or contribute to unwanted data detection during the analysis. 109 Some uncertainties can arise in the interpretation of unexpected shapes of depth-profile curves. For compound-semiconductor thin films, the potential for preferential removal of one or more of the inherent species is a problem. This can lead to miscalculation of quantitative information, especially at interfaces located some distance beneath the surface. Such effects have been reported in CuInSe 2 and other films. 110 Many times, the preferential sputtering can be minimized by adjusting the experimental conditions, especially the energy of the incoming ion beam, the sputtering-gas species (mass), and/or the angle between the sample surface and the incoming ion flux.
Any time an energetic ion beam is exposed to a sample surface, damage occurs to that surface, as well as to the subsurface region. [111] [112] [113] The extent of this damage depends on the physical nature and conditions of the ion beam and on the properties and chemistry of the sample being analyzed. In any case, the use of ion beams can lead to the generation of artifacts during the analysis, and the interpretation of such results depends heavily on the expertise of the surface analyst and knowledge of the materials system under investigation, the control of the instrumentation, and a thorough understanding of the techniques.
111-117
Auger electron spectroscopy (AES) and electron-loss spectroscopy (ELS)
These techniques have some common features in that the input probe is an energetic electron beam and the detected species is an electron. The differences are in the energy of the input probe (less than 500 eV for ELS and usually . 2000 eV for AES) and in the nature of the species detected (energy loss by electrons for ELS, and Auger electrons-produced by a radiationless process-for AES). 116, 117 The exposure of a semiconductor surface to an energetic electron beam provides the potential for altering the analysis area. [118] [119] [120] First, the electrons may introduce damage in the near-surface region. For example, the substantial generation of dislocations and point defects has been reported for Si, for electron energies as low as 100 eV. 121 Second, the electron beam can itself cause changes in chemistry at the surface. For example, low-energy electron beams have been shown to oxidize CuInSe 2 and Si thin-film surfaces and to remove oxide from semiconductors at higher energies. 121, 122 The electron beam has also been shown to alter the oxide species on GaAs surfaces. The relationship between the electron-beam conditions and the alteration of the CuInSe 2 surface is illustrated in Fig. 19 . 121 Interference between generated peaks can cause difficulties, although most elemental transitions in normal AES spectra are sufficiently separated. 123 One example is that of indium-tin-oxide (ITO) films. 124 The Sn peak is very close to one of the O peaks, and at the low concentrations, it can easily be missed or masked by the oxygen. Quantitative analysis for AES and EDS is relatively straightforward, but it is sensitive to the experimental conditions (beam currents, sputtering, sample orientation, surface roughness). When using energetic electron beams, it is also difficult to analyze samples having lower conductivities. 126 Charging of the sample can easily occur. In mild cases, the detected transitions can shift in energy position. In the case of insulating films, the charging masks the generation and detection of the AES or EDS signals. There are approaches to overcome this effect in thin films. If the layer is sufficiently thin, the use of higher electron energies will actually punch a higher conductivity region through the film to the conducting substrate, and the charging will be eliminated. Sometimes, very-low-energy beams can be used. It is also possible to provide conducting regions (e.g., using conducting paints or deposition of metals) near or over the analysis area to lower the path length for conduction. Finally, the use of low-current, pulseelectron beams can also help by minimizing the total amount of charge delivered to the sample. For intrinsic semiconductors, charging remains a problem that needs clever experimental attention.
X-ray and ultraviolet photoelectron spectroscopies (XPS, UPS)
A major application of XPS is to identify the chemical species or chemical state at the surface or interface being investigated. A positive feature of XPS and UPS is that the techniques produce little sample damage or alteration because of the nature of the input probe. 126, 127 This feature, and the fact that XPS uses the direct analysis of valence electrons, makes XPS the most reliable quantitative surface-analysis method. It is especially important for the study of polymers, such as those used in photovoltaic module encapsulants.
Major peaks in the XPS spectra are associated with the binding energies of the electrons in the atoms and the energies of the emitted Auger electrons. These transitions are usually dominant, but the spectra contain other peaks that can confuse the interpretation. The interpretation of many "oxide" or other chemical species is actually attributed to these additional lines, including satellite peaks, ghost peaks, shake-up lines, valence lines, and energy loss lines. 128 
Secondary ion mass spectrometry
The surface sensitivity associated with this technique is gained by removing the top layers of the semiconductor sample and detecting the secondary ions (i.e., the positive and negative charged species) that are ionsputtered from the sample. 129 It is also the most sensitive of the techniques, and many current instruments can actually detect boron in Si at the 10 12 -10 13 ͞cm 3 level (i.e., ppb range). The problems and elegance of the SIMS technique are focused in two areas. The first is the generation of the ionic species involving the sputtering process. As already indicated, these sputtering mechanisms are very complex, destructive, and disruptive on the microscale. They provide a margin of interpretive error for the technique because the results are extremely dependent on the experimental conditions. The recent development of time-of-flight (TOF) instrumentation has minimized many of these problems by using more gentle ion sources and providing more control of the removal process (i.e., static SIMS). 130 Very distinct relationships exist between the ion conditions, the removal rates, and the detection sensitivity. 131 These relationships must be kept in mind when requesting ultimate detection with highest spatial resolutions. The second area of concern is that of the detection systems employed for analysis. Detection sensitivity to low-level species and mass separation is a function of the instrumentation. High-budget investments are required for highest sensitivities. Of the surface-analysis techniques, SIMS is perhaps the most operator-dependent; data acquisition is as important as data interpretation.
Rutherford backscattering spectrometry and ion scattering spectroscopy
The RBS technique has increasing use for thinfilm and thin-layer analysis. RBS uses 1-3 MeV ions (usually 4 He) to analyze the surface and outer 0.5 to 3.0 mm of semiconductors and other materials. 132 The information gained is on the compositions and qualitative and quantitative information about the distribution of atoms within the vicinity of the surface. RBS is limited in its lateral microanalysis and spatial resolution; the analysis of interfaces and layers deeper into the material/device is difficult or impossible. Data interpretation requires extensive experience with the technique and the material system being analyzed. ISS has similar analysis strengths and problems. 133 Because it is so sensitive to the surface, it is important to minimize contamination or other artifacts in that region. For example, a carbon layer that collects on the surface of a sample may dominate the detected spectrum. On the other hand, ISS can provide fundamental compositional information with extremely high detection sensitivity.
IV. NANO-AND ATOMIC-SCALE MEASUREMENTS
Scanning-probe microscopies and spectroscopies have been introduced as useful analytical techniques during the past 15 years. 134 The scanning tunneling microscope (STM) and the atomic force microscope (AFM) (or scanning force microscope, SFM) are the most recognizable of a number of sister instruments in this classification. 135 With depth resolutions of 0.01 nm and lateral resolutions of 0.1 nm, the instruments are capable of imaging to atomic dimensions. The probes can also be used for spectroscopic characterization (photoluminescence, EBIC, cathodo-and electroluminescence, carrier identification, minority-carrier spectroscopy). Finally, these instruments have been used to manipulate atomic arrangements at surfaces, including the movement of single atoms at semiconductor surfaces. These nanoscale and atomic-scale techniques have excellent representation in a number of recent reviews and books. [135] [136] [137] [138] [139] [140] 
A. Scanning tunneling microscopy
The STM is a high-spatial-resolution instrument capable of real-space electronic and spectroscopic imaging of surfaces and interfaces on a scale that extends to atomic dimensions. [138] [139] [140] [141] The instrument is represented schematically in Fig. 20 . A specially prepared (sharpened) wire is brought into the proximity (i.e., 0.3-1.0 nm) of a surface, using special piezoelectric positioners. These piezoelectric materials can also be used to drive the tip in the x and y lateral directions for mapping the signal over a selected area. A voltage is applied between the tip and the sample, causing a current to tunnel between the tip and the surface. When properly prepared, the electron transfer is from a single atom on the tip to the sample surface, providing excellent spatial resolution. The measured tunneling current provides information about the electronic states in the tip and the surface, and these data can be analyzed to provide images of the topography, as well as the electronic and chemical structure. The STM can be operated in either the constant-current mode or the constant-height mode (for more rapid and higher spatial-resolution operation), and these procedures are represented in Fig. 21 . 142 For STM, the sample must be conducting to allow the collection of the tunneling current; insulators and higher-resistivity semiconductor thin films cannot be analyzed using this technique. Surface roughness also provides some limitations, because the instrumentation cannot respond to large changes in the topography. A number of imaging modes can be used to provide various information. Although the STM can operated in air, highest resolutions are attained only in ultrahigh vacuum (UHV). biasing for the filled states, and the As atoms imaged through negative biasing of the empty states. A series of selected, single As atoms are removed through the combined electrical and photon biasing of the surface (providing for the collapse of the barrier field holding the atoms in their surface locations). Single atoms can be deposited on the tip and then replaced on the surface by reversing the changing field conditions. Optical fibers can couple an optical signal from a laser [ Fig. 20(b) ] for the characterization of the defect chemistry of the material. Such an analysis is shown in Fig. 22(c) , which shows the evolution of a nanoscale-PL signal associated with the defects created on the GaAs surface. The enhanced spatial resolution is gained by bringing the optical signal in close proximity of the surface, and using the near-field evanescent optical field to obtain spatial resolution beyond the predications of classical wavelength consideration (see NSOM below). Thus, the STM can be used to provide not only images on the nanoscale and atomic levels, but to gain electro-optical characterization of the same regions. In the future, the STM can also be viewed as an instrument to produce "designer" surfaces and interfaces for electronic device development, using its capability to manipulate clusters and single atoms.
B. Scanning force microscopy
The scanning force microscope (SFM) or atomic force microscope (AFM) provides nanoscale to atomicscale microscopy by measuring the tip-surface interactions due to forces and translating these to a sensor to provide information on the topographic features of the surface. [143] [144] [145] The forces involved can include van der Waals, electrostatic, frictional, and magnetic, and instruments working on each of these force mechanisms are available [e.g., magnetic force microscopes (MFM) and electrostatic force microscopes (EFM)]. Typically, forces measured are in the range 10 213 N to 10 26 N. The AFM probe is usually a tip attached to a cantilever spring, formed most commonly using selective etching of single-crystal Si.
As the sample is scanned under the tip, the tipcantilever assembly deflects in response to forces exerted by the sample. 146 A displacement sensor then measures those deflections, usually from the back of the cantilever. Displacement sensors include electron tunneling devices, optical interferometry, optical-beam deflection, and capacitance, resistance, and piezoelectric sensors.
The SFM can be operated in air, liquid, and vacuum. Strengths include the ability to analyze nonconductive samples (polymers, biological samples, insulators), operate in air or liquid environments, attain atomic resolution, and image static and dynamic features. Also, SFM is easy to operate; multiple scanning methods are available on a single instrument. The limitations of SFM include artifacts in imaging because of forces, some difficulties in operation in UHV, difficulty in providing atomic resolutions, some difficulty in preparing cantilevers, and some difficulties in interpreting images. Figure 23 the evolution of the surface features as a function of processing. The benefit of the instrument in determining high-resolution topography of surfaces is also indicated in Fig. 13 , which presents AFM images of a highresistivity MgF 2 ͞SnO 2 surface to the features obtained in a field-emission SEM. Figure 22 (c) presents capabilities for surface image analysis on commercial AFM's, in which the surface roughness and the dimensions of surface features (e.g., grain sizes) can be accurately determined.
C. Ballistic electron-emission microscopy (BEEM)
The BEEM provides nanoscale microscopy, allowing the characterization of interface properties with nanometer spatial resolution and the energy spectroscopy of carrier transport. [147] [148] [149] [150] [151] [152] The BEEM employs an STM tip as an injector of ballistic electrons into a sample heterostructure. In general, the sample will consist of at least two layers, separated by an interface of interest. BEEM operates as a multi-electrode system, with electrical contact to each layer of the sample structure. As a tip-sample bias voltage is applied, electrons tunnel across the vacuum gap and enter the sample as hot carriers. Because characteristic attenuation lengths are typically hundreds of angstroms, many of these hot electrons may propagate through the base layer and reach the interface before scattering. The BEEM provides information on subsurface regions of semiconductors and has been used to evaluate Schottky barriers and other junctions. 153 If conservation laws restricting total energy and momentum parallel to the interface are satisfied, these electrons may cross the interface and be measured as current in the collector layer. In an n-type semiconductor, the band bending accelerates the collected carriers away from the interface and prevents their leakage back into the base. By varying the voltage between tip and base, the energy distribution of the hot electrons may be controlled, and a spectroscopy of interface carrier transport may be performed. For tunnel voltages less than the interface barrier height, none of the injected electrons have total energy equal to or greater than the barrier height, and the measured collector current is zero. As the voltage is increased to values in excess of the barrier (i.e., eV . E f 1 qw b ), some of the hot electrons cross the interface into the semiconductor conduction band, and a collector current is observed. This location of the threshold in the spectrum defines the interface barrier height. The magnitude of the current above threshold and the threshold spectrum shape also yield important information on interface transport. Information on conduction-band structure and valence band structure at the interface is readily attainable.
160-162
D. Nanoscale electrical and optical characterization
The ability to laterally confine an electron field provided by the STM (and AFM) opens possibilities to perform electro-optical characterization with nanometer spatial resolutions, as already indicated in Sec. IV. A and Fig. 22 . [157] [158] [159] [160] This has led to the development and investigation of a host of measurement techniques having spatial resolutions in the 10 to 1000 nm range and spanning the range from compositional determinations through electro-optical characterizations. [157] [158] [159] [160] [161] [162] Based on macroscale electron-beam techniques, the STM has been used to provide nanoscale EBIC (NEBIC), electroluminescence (NEL), and cathodoluminescence (NCL). [159] [160] [161] [162] [163] The development of the near-field optical microscope (NSOM) has provided for microscopies and spectroscopies with spatial resolutions beyond those predicted by classical wavelength limitations. [164] [165] [166] [167] [168] This near-field evanescent field effect has been incorporated with the enhanced spatial resolution of the STM or AFM. A pulsed-laser signal is introduced using specially prepared optical fibers, analogous to those used in an NSOM. The tapered and metal-clad optical fibers introduce the pulsed and tunable laser signal onto the sample surface, configured in the near-field operational mode. Nanoscale PL (NPL) can be performed with spatial resolutions in the 100-nm range. In fact, farfield PL data can be compared with near-field data on the same instrument. The greatest power has been the ability to image defects and characterize them with the same instrument.
The area of nanoscale characterization, using these evolving proximal-probe techniques, is one of the more important and exciting areas of research and development. It is an area that will lead and guide researchers to develop new devices, evolve atomically engineered materials, and optimize interfaces. The range of these techniques has been expanding and now covers composition through electro-optical characterization.
V. SUMMARY AND FUTURE CHARACTERIZATION DIRECTIONS AND NEEDS
Almost every characterization technique that has had application to semiconductor analysis has also had either direct or modified use for photovoltaic investigations. Thin films, important to current and future PV technologies, have special measurement constraints because of the larger influence of surfaces, the internal defects and chemistry, and the details and controlling influence of the microstructure. As the requirements for thin-layer devices have evolved, so have the host of characterization methods that serve the development of these technologies. The demands are for higher spatial resolution, higher accuracy and precision, better reproducibility, automation, and in situ analysis, ease of operation, and determination of properties that are fundamental to the optimization of materials and devices. The measurements and characterization community will continue to respond to the demands of the photovoltaic community. The contributions have been substantial, and these contributions should be expected to continue in direct response to the evolution of photovoltaic products.
